The two single-strand DNA initiation signals, ss/A(RSF1010) and ss/B(RSF1010) of the broad hostrange plasmid RSF1010 contain proposed stem-loop structures. Nine single base-change mutations in the stem of the ssiA structure, each of which destroyed a relevant base pairing, damaged the ssiA activity. A second single-base change was introduced into each of the nine ssiA mutants in such a way that the base pairing was restored. Only three out of nine second base changes that restored the base pairing restored the ssiA activity up to the wild-type level. Thus, the three are intramolecular suppressors. The results strongly suggested that, in the area of the stem of ssiA where the suppressor mutations fell, base pairing was the most important structural parameter for the ssiA activity. By contrast, it is most probable that, in the other part of the stem of ssiA, both base-pairing and the intrinsic base sequence were the major determinants of the ssiA activity.
INTRODUCTION
RSF1010 is a mobilizable, but not self-transmissible plasmid conferring resistance to streptomycin and sulfonamides. Its remarkable feature of replicating in a wide variety of Gramnegative (1,2) and some Gram-positive bacteria (3) has led to the extensive investigation of its replication mechanism.
It has been showed that the replication of RSF1010 absolutely depends on the origin sequence (oriV) and the plasmid-specific replication proteins Rep A, RepB', and RepC that are encoded by the corresponding genes identified in the plasmid genome (4, 5, 6) . The RepA protein acts as a helicase to catalyze unwinding of the duplex DNA (7) . RepB' functions as a primase to direct the priming of the complementary DNA strand synthesis in vivo and in vitro (7, 8, 9) . RepC behaved as an initiation protein to bind specifically to the duplex DNA fragment carrying the direct repeats in onTof RSF1010 (7) . By virtue of these proteins, the RSF1010 replication is independent of the host dnaA, B, C, G, T, and rpoB genes.
Two single-strand initiation signals of RSF1010, designated 5JL4(RSF1010) and j«fi(RSF1010), have been identified (10, 11) . Both of them consist of highly conserved 40-nucleotide sequences. The ssiA and ssiB determinant sequences are located in the 1-and r-strands, respectively, of the oriV region of RSF1010. It has been reported that the primase activity of RepB', which is most probably responsible for the DNA primer synthesis (7) , is dependent on the specific sequence of the two ssi signals (3, 8, 9) . It has also been found that RepB' is no longer required for the replication of RSF1010 when the two ssi signals were replaced by the primosome assembly sites from phage 0X174 and plasmid pACYC184 (9) or with the G-sites from phage G4 and plasmid pSY343 (12) . This further suggested interdependence between the ssi signals and the RepB' protein. It can be reasoned that the RepB' protein and the two ssi signals cooperatively accomplish the priming events for the complementary strand DNA synthesis. Little is actually known about the detailed mechanism of interaction between the ssi signals and the RepB' protein.
The proposed stem-loop structure in the ssiA and ssiB regions may be important for the functional activity of the two ssi signals. Recently, many ssiA mutants carrying single-base changes in the stem-loop structure have been constructed in our laboratory (13) . All the point mutations have impaired the functional activity of ssiA to varied extents. The reason why base changes in the hairpin structure damaged the ssiA activity may be the disruption of the dimensions of the secondary structure or the change of a specific sequence required for specific recognition by the RepB' protein.
In this report, we describe the introduction of second single-base substitutions as intramolecular suppressors into the ssiA mutants that carried the first single-base substitutions, and their biological properties. The present results strongly suggest the differential functional contribution of the two distinct segments of the basepaired stem region of the ssiA -determinant sequence.
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MATERIALS AND METHODS

Bacteria] strains, phages, and plasmids
E.coli JM109 and JM109 harboring the helper plasmid pMMB2 or pMMB2A23 were used as the host bacteria for die M13 bacteriophage used in diis study. The helper plasmids pMMB2 (ColD-plasmid based pKTIOl carrying repA, repB', and repC of RSFIOIO) and pMMB2A23 (ColD-plasmid based pKTIOl carrying repB' of RSFIOIO) have been described (4, 8) . The composite filamentous phage M13TA101, an ssiA probe vector, is the ori c -defective phage M OTA 101 derivative that carries the 444-bp oriV region of RSFIOIO, the pBR322-derived bla gene, and the pUC19-derived lacZ' gene (9, 13) . The ssiA segment in the 444-bp oriV region is replaceable as a cassette through cleavage with Sad and Xbal of the replicative form DNA of M13TA101. The RSFIOIO miniplasmid segment containing the 444-bp oriV region and the bla gene can be excised upon cleavage with EcoRl from the replicative form DNA of M13TA101. The miniplasmids of RSFIOIO can be constructed by self-ligation of the EcoRl fragment from the replicative form DNA of M13TA101.
The complementary mutagenesis of the original ssiA mutants Mutants carrying the first single-base changes in the stem of the ssiA hairpin structure (13) are called 'original mutants of ssiA', which were used as the starting materials to introduce the second base substitutions. 'Complementary mutagenesis' is the introduction of a second single-base substitution performed such that complementarity to a changed base in an original ssiA mutant is restored at the same position as in wild type ssiA (Fig. 1) . The ssiA mutants thus constructed were designated as 'complementary mutants'. This is done by chemical synthesis of the 40-to 50-nt engineered ssiA -determinant sequence. The substituting base can form a new base-pair with the pertinent base which had replaced the native one in an original mutant and damaged the activity of ssiA. The two synthetic complementary strands of the engineered ssiA sequence, which had been designed as above ( Fig. 1) , were annealed to each other forming Sad and Xbal ends at either terminus, and inserted into M13TA101 in place of the wild type ssiA sequence. The recombinant phage carrying the complementary substitution in the ssiA sequence was used to infect JM109 harboring the helper plasmid pMMB2A23 and its growth ability was measured. The nucleotide sequences of all the ssiA mutants were confirmed.
The replication assay the RSFIOIO miniplasmid in vivo
The EcoRl fragment containing oriV of RSFIOIO, in which the ssiA sequence was altered, was excised from the replicative form DNA of the recombinant M13TA101. The RSFIOIO miniplasmid was formed by self circularization of the EcoRl fragment followed by transformation of JM109 harboring die helper plasmid pMMB2. Its replication ability was estimated based on the number of ampicillin-resistant transformants (14) .
RESULTS
Identification of the intramolecular suppressors for the ssiA mutations
Of the original ssiA mutants (12) , nine mutants, C6A, C7T, C9A, C14T, C15A, G21T, T22A, G23A, and G25A, were selected as substrates for the complementary mutagenesis. Two characteristics of these original mutants were: 1) their functional C6A  A  C6AG27T  A  T-C7T  T  C7TG26A  T  A--C9A  A   C9AG24T  A  T  C14T  T  C14TG20A  T  A   C15A  A  C15AG19T  A  T  G21T  T  C13AG21T  A  T  T22A  A  A12TT2 2A  T  A  G23A  A  C10TG23A  T  A  G25A  A  C8TG25A  T Log(pfu/ml) Figure 2 . Growth efficiency of the recombinant M13TA101 phages. Growth efficiency of the recombinant phages was measured as described previously (25) . Phage titers were measured at 5 hours after infection to JM109 harboring pMMB2 at 37°C. A portion of the phage-infected culture was withdrawn followed by dilution of 10~5. The diluted suspensions of phages were plated with JM109 harboring pMMB2A23. pfii means the plaque-forming unit(s). Results are shown as the mean values of three independent measurements. activity has been reduced or abolished upon single-base substitutions, and 2) a single mismatched base exists in the stem of the proposed hairpin structure. To discover the functional contribution of the base pairing in the stem to its activity, nine complementary mutants were derived from die nine relevant original mutants of ssiA (Fig. 1) . Restoration of the ssiA activity upon introduction of die complementary mutations was detected by measuring replication abilities of the relevant recombinant M13TA101 phages. Since most of the ori c region is deleted in the filamentous phage derivative M13TA101, the complementary DNA strand synthesis of the phage is dependent on the ssiA activity of RSF1010 (13) .
It was found that all nine original mutations damaged the ssiA activity to various degrees because of the different extent of contribution of each base to the ssiA function. For the complementary mutants C14TG20A, C13AG21T, and A12TT22A, the ssiA activity recovered to the wild-type level (Fig. 2) . Thus, the three complementary mutations G20A, C13A, and A12T were intramolecular suppressors for the original mutations C14T, G21T, and T22A, respectively. These results strongly suggested that the damage of ssiA activity of the original mutants C14T, G21T, and T22A resulted from the disruption of the base-pairing or the dimensions of the potential hairpin structure in ssiA. To confirm this idea, the C at position 13 was replaced by G in the original mutant G21T, resulting in the mutant C13GG21T (Fig. 1) . This was not a complementary mutant; the base pairing that had been disrupted in the original mutant G21T was not restored. The result indicated that among the second base substitutions introduced into the original mutant G21T the complementary mutation C13A restored the ssiA activity, but the mutation C13G did not. By contrast, for the other six complementary mutants, the ssiA activity was not restored at all (Fig. 2) . On the contrary, their ssiA activities are even lower than those of the pertinent original ssiA mutants. This suggested that restoration of the base-pairing was not adequate to reverse the damage of these original mutants. It is considered that the phenotypic defects of these original mutants are primarily caused by the change of the base themselves or of some specific sequence required for the recognition by the RepB' protein.
The replication ability of the RSF1010 miniplasmids carrying the intramolecular suppressors of the ssiA mutations To confirm that the intramolecularly suppressed ssiA mutants are functional in the RSF1010 DNA replication, replication abilities of the recombinant RSF1010 miniplasmids carrying the engineered ssiA were estimated by measuring the numbers of ampicillin-resistant transformants under the two different ampicillin concentrations.
As shown in Table 1 , the replication ability of the RSF1010 miniplasmids carrying the intramolecularly suppressed ssiA mutants C14TG20A, C13AG21T, and A12TT22A was restored. However, the ssiA mutant C13GG21T carrying the noncomplementary mutation as a second base substitution conferred no significant replication ability upon the recombinant miniplasmid.
DISCUSSION
The single-strand DNA initiation signals (ssi signals) have been identified in many bacterial plasmids (15, 16, 17, 18, 19, 20, 21) . They are specifically recognized by the cognate enzymes or the enzyme complexes and direct the priming of the complementary strand synthesis on the single-strand DNA templates (22, 23, 24) . Since almost all of the ssi signals identified contain potential stem-loop structures, in addition to nucleotide sequences, the secondary structures seem to be the crucial in the functional activity of ssi signals (13, 25, 26, 27) . Three potential stem-loop structures found in ori c of phage G4 have been suggested to be an important structural feature (25) . All the n'-pas's (n'-primosome assembly site) identified have potential stem-loop structures which are required for recognition by the PriA(n') protein. It is implied that the n' protein recognizes a higher order structure of the DNA involving hairpin structures rather than recognizing solely the consensus sequence (19, 28) . The plasmid R6K also contains one stem-loop structure in ssiA and a DnaA box in its stem region (17) . Recently, it has been found that three proposed stem-loop structures exist in the singlestranded origin of die Bacillus plasmid pBBAl and a structure other than the sequence of the stem-loop III is important because it can be replaced by a non-related dyad element without significant loss of the origin activity (29) . Importance of the stem-loop structure in ssiA from plasmid RSF1010 has also been suggested by mutational analysis (13) . Here we introduced nine complementary mutations into the original ssiA mutants (Fig. 2) . Only three, G20A in C14TG20A, C13A in C13AG21T, and A12T in A12TT22A, out of the nine were proved to be intramolecular suppressors, which were introduced, as second base changes, into the original ssiA mutants such that base pairs were restored at the same position of the stem-loop as in the wild type. The bases involved in each of the recovered base pairs were, therefore, totally different from those in the wild type ssiA. This strongly implied that, in the shaded region of the stem-loop shown in Fig. 3 , base-pairing rather than nucleotide sequences was a major structural feature essential for the functional activity of ssiA. However, the six other complementary mutants did not recover the damaged ssiA activity. On the contrary, their activities were lower, with no exception, than the original ssiA mutants (Fig. 2) . Therefore, it is possible that both of the nucleotide sequence and base-pairing in the regions within the open squares shown in Figure 3 are essential for the ssiA activity, and that the ssiA activity is markedly impaired by change of either one. This is a simple and definite explanation for the fact that these six complementary mutants did not restore the ssiA activity even though base-pairing was recovered. In addition, the nucleotide sequence in the loop moiety of the ssiA hairpin structure was also proved essential for the ssiA activity (unpublished result). It is conceivable that the proposed stem-loop structure in addition to the nucleotide sequence is required for the specific interaction between ssiA and the RepB' protein.
It is still unclear what sequence is responsible for binding by the RepB' protein and for the primer synthesis, n'-pas from various plasmids can be divided into two groups based on the sequence homology. Most of the bases participating in the stem of n' pas from group I fall into the conserved sequence, while the conserved sequence of n'-pas from group II is at the bottom part of the stem. These conserved sequences were considered to be important for the recognition by the n' protein (20) . It is found that some eukaryotic primases preferentially use a poly C sequence to initiate the primer synthesis (30) . The DNA polymerase a-primase complex from murine recognizes a 3'-CC(C/A)-5' motif downstream of a primase start site in the DNA template (31) . The mechanism of action of the DNA primase from calf thymus has been investigated, showing that the primase first binds a single-strand DNA template, and then slide along the DNA to find a start site for the primer synthesis (32) . These results also mean that the recognition sequence and start site of primer synthesis are not necessarily overlapping. It is conceivable that the RepB' protein first recognizes the base pairs and the intrinsic base sequence in the hairpin structure of ssiA. After specific binding to them, the RepB' protein could conduct the priming process at a start site of DNA synthesis. It has been shown that the start site of DNA synthesis of plasmid R1162, which is very similar or identical to RSF1010, is in the 3'-flanking region of the stem in the determinant sequence (33) . Therefore, the DNA synthesis start site may be in a comparable position in RSF1010. In the process of association of the RepB' protein with ssiA, the protein molecule may primarily recognize the entire dimension of the base pairs in the upper part, the shaded area as shown in Fig.3 , of the ssiA stem. This is reminiscent of the mode of recognition of a matched base pair by DNA polymerase during the synthesis of a complementary DNA strand (34, 35) .
